Although mechanical stress is known as being a significant factor in bone remodeling, most implants are still made using materials that have a higher elastic stiffness than that of bones.
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In accordance with Wolff's law, the loading stress limits of the bone are determined by physiological factors. Load transfer between an implant and the surrounding bone has recently been intensively studied using Finite Element Modelling [8] . Several parameters related to the implant have to be considered, such as geometry, loading, the interaction between the implant and the cortical bone, and material properties.
A considerable number of experimental and numerical studies have been carried out to understand the mechanism of the load transfer from the implants to the bones [9] [10] [11] [12] [13] [14] [15] [16] . A geometric influence has been demonstrated. The thread shape likely plays a major role in the load transfer from the dental implant to the surrounding bones. However, in these studies, the parameter that is most commonly optimized is the implant shape, and the influence of its elastic properties is less often considered [8] . The development and optimization of implants must then involve geometrical, mechanical, and material considerations [17] to adjust the stress state to admissible physiological values that are as close as possible to the conditions of a natural tooth [18] . This mechanical regime is largely dependent on Young's modulus of the implant; but most of the implants are still made of materials that have a higher elastic stiffness -steel, CP titanium and TA6V -than that of the cortical bone. Due to this difference in stiffness, the load transfer between the implant and the surrounding bones is much detrimental, and stress distribution in the bones is far from the physiological case: Young's modulus should be as close as possible to that of the host bone to achieve a homogeneous load transfer between the implant and the bone. This becomes an important issue for biomaterials selection, and the concept of mechanical biocompatibility is rather new [19, 20] .
Three kinds of solutions have been developed to achieve mechanical compatibility. The first 4 considers porous materials and adjusts porosity to match the elastic modulus of human bone [21, 22] ; the second relates to the utilization of HAP [23, 24] ; the third focuses on bulk materials that present low intrinsic elastic constants. The third approach was first introduced in Japan at the beginning of the 2000s [25] .
In this paper, we propose to study the effect of a low modulus bulk implant on load transfer into surrounding bones, as well as the stress jump between them. The adopted material is a bulk material, and consists of a new beta titanium-based alloy with ultra low modulus and high ultimate tensile strength, which is studied within the framework of the French National
Research Agency through the Functional Materials and Innovative Processes Program, Grant
No ANR-08MAPR-0017. An « ultra low modulus » refers to Young's modulus close to that of bone, and differs from the elasticity modulus usually encountered in beta titanium alloys (around 60-70 GPa). Both high strength and a low Young's modulus are required for dental applications. Depending on the type of thermomechanical treatment they have undergone, TiNb alloys, with a composition ranging from Ti-23Nb to Ti-26Nb, can have varying Young's modulus. Recently, we have demonstrated that severe cold rolling deformation followed by flash aging treatment on TiNb and TiNbZr, in order to produce ultra fine grains and/or omega phase, is more effective to improve strength [26] [27] [28] [29] [30] . High ultimate tensile strength (800 MPa), and low modulus (30 GPa) are obtained by nanostructuration process, as illustrated in Fig. 1 . These characteristics are due to the stress-induced martensitic transformation and its reverse transformation, accompanied by the formation of ultra-fine beta grain by flash treatment at 873K, or omega precipitation by flash treatment at 573K. Moreover, these alloys contain non-toxic alloying elements, such as Nb, Ta, Mo and Zr, and exhibit superior biocompatibility [31] [32] [33] and lower toxicity than that of TA6V alloy [34] .
A Finite Element (FE) model taking into account stress distribution into the implant and the bones under a static loading is investigated. The model considers one implant inserted into a mandibular cortical and trabecular bones. Several cases are studied with various implant elastic properties, considering a Young's modulus of 210, 110 and 30 GPa. A geometric reference model is established and is similarly used for all simulations, while the elastic modulus of the implant is modified (15 GPa). The maximal and minimal stresses obtained in the bones surrounding the implant are compared with the results of the reference FE simulation, where the implant has a Young's modulus close to dentine. Moreover, the stress jump at the interface between the implant and the mandible is studied. The influence of the geometry of the contact surface and the loading force are also studied. The purpose of this work is to show the influence of a low modulus implant on the interaction of the bone implant interface, regardless of the implant design. In this study, we highlight the fact that the elasticity modulus itself has a strong impact on load transfer (stress) between the implant and the bone during loading. We particularly focus on two strategic areas which are well known as sources of mechanical stability problems: the top of the implant-cortical bone interface, with, for example, saucerization [35] due to local overload-induced microfracture [36] or insufficient stress to maintain implant stability [37] , and the bottom of the implant-cortical bone interface, which is usually overstrained due to the conical implant shape. These two areas are respectively named TOP and BOTTOM.
Finite Element Model
In this study, the improvement of implant mechanical stability is investigated via a FE model and the implant elastic properties. The studied model represents one elastic implant inserted in a mandible bone, and is composed of two parts: implant and bones, cortical and trabecular.
The aim of this study is not to predict the exact stress magnitude in the considered parts, but 6 to evaluate the influence of the implant elastic properties on stress shielding. Thus, three hypotheses have been adopted, such as the homogeneous isotropic constitutive law of bone and implant. Moreover, among marketed implants, quite a large number of implants with complex shapes are to be found, the geometrical features of which affect their overall behavior. To avoid parasitic effects, two simplified shapes have been considered for implants.
Similarly, as the bone shapes and specific dimensions are related to several physiological parameters the study of which is beyond the scope of this work, the mandible shape has been modelled with a simplified shape.
Implant material characteristics
In the present study, four Young's Moduli have been considered and listed in Table 1 . For the TiNb ultra low modulus alloy, a Young's modulus of 30 GPa has been considered. In current implantology, TA6V implant is adopted with a Young's modulus around 110 GPa, close to CP -Ti. Then, steel implant [38] as well as an implant with an elasticity modulus as close as possible to that of dentine (15 GPa) have been considered. In the case of dentine, stress distribution has been assumed to be optimal and identical to the physiological one. It has been used as a reference to which the other configurations have been compared. This physiological case will subsequently be referred to as R C (Reference Case). In each studied case, elastic behavior is assumed to be isotropic and Poisson's ratio is equal to 0.3.
Bone material characteristics
The mandible is composed of a trabecular bone surrounded by a layer of cortical bone. The thickness of this layer, and the density, as well as the mechanical properties of each kind of bones are sensitive to several parameters such as the age and sex of the patient. Indeed, the thickness of the cortical bone is not the same everywhere in the mandible. It has been shown that the elastic properties of bones are anisotropic [39] [40] . However, elasticity is often considered as isotropic in the FE model of implants in the mandible [41] [42] [43] [44] , and it has been shown that the impact of anisotropy on the stress state into a bone is limited, with a maximal difference lower than 10 % [45] . Moreover, bones are assumed to be homogeneous with a linear elastic behaviour. Further investigations will take into account the anisotropic character of bone elasticity.
As the Young's modulus of the cortical and the trabecular bones is difficult to determine experimentally, adapted values for cortical and trabecular bones have been considered (15 GPa and 1 GPa, respectively) [46] .
Creation of the 3D implant-mandible models
Altough an axisymmetric model could be used to represent the implant shape [47] , especially in a smooth case, the boundary conditions and the shape of the mandible are not axisymmetric. A 2D model in plane strain hypothesis could be used to model the mandible [48] [49] , but in this case the modelled implant shape would be far from the real one. Two 3D geometrical models have been considered to study the load transfer between the implant and the mandible, as illustrated in Fig. 2 . The aim is to highlight the benefit of a low modulus, and the geometrical features of the forefront TA6V implants have not been considered. The geometrical models have been simplified to reduce the impact of geometric features. In the first one, the implant is smooth (S-MODEL), whereas in the second, it is threaded (T-MODEL). The geometrical model of the implant is based on a commercial implant which has been slightly modified and simplified. It is composed of the cortical bone, in white in Fig. 2, containing the trabecular bone, not represented on the Figure. The geometrical model of the mandible is represented in Fig. 3 . In both models, the cortical and trabecular bones have the same dimensions. The thickness of the cortical bone is assumed to be constant, and equal to 2 mm [44] . In the S-MODEL, the implant is composed of a conical part and a cylindrical part.
The conical part has a diameter reduced from 4.5 to 3.5 mm on a length of 2 mm, and the 8 cylindrical part has a diameter of 3.5 mm on a length of 15 mm. In the T-MODEL, the implant dimensions are based on a smooth one, 4 picos are added in the conical part, and the cylindrical part is threaded. The bones are threaded in order to allow for the insertion of alloy implant with contact between different parts. The implant and bones have been designed with the CAD Catia_V5R16 software (Dassault Systèmes).
Characteristics of the simulations
The complete models have been imported into the V6.11-2 Abaqus (Dassault Systèmes) finite element calculation software. A general static step has been considered in order to load the implants. The smooth implant has been meshed with C3D20 quadratic hexahedron continuous and isoparametric finite elements with a minimum size of 0.25 mm, as illustrated in Fig. 4 .
The threaded implant has been meshed with C3D4 linear tetrahedron continuous and isoparametric finite elements with a minimum size of 0.125 mm, and with C3D8 linear hexahedron continuous and isoparametric elements. C3D4 elements are required to accurately model the threads, whereas C3D8 elements have been used to mesh the upper part of the implant. Cortical and trabecular bones have been modelled with C3D20 quadratic hexahedron continuous and isoparametric finite elements. The critical element length depends on the implant geometry, which is defined as the master surface. The same order of element size in the contact surface between the implant and bones has been adopted in order to limit computation time and ensure accurate results. In the region with no major stress gradient, larger elements have been adopted. The mesh has been handled with the advancing front mesh method available among the Abaqus mesh tools, and several simulations have been conducted to ensure that the element size has no influence on the solution. In the smooth case, 242,000 degrees of freedom have been required to mesh the implant, 1,530,900 for the cortical bone and 187,820 for the trabecular one. In the threaded case, 543,116 elements have been required to mesh the implant, 24,640,780 for the cortical bone and 6,272,640 for the trabecular one. 9 The substantial number of elements required to model the threaded implant is significantly higher than that of the smooth implant. This is due to the difficulty of taking the threads into Concerning the smooth configuration, an axial load of 160 N, currently adopted to simulate a classical mastication load [45] , is applied with a pressure of 10 MPa on a surface of 16 mm².
In the threaded model, two loaded cases are considered: axial loads of 160 and 300 N, respectively, applied with a pressure of 10 and 18.75 MPa on 16 mm² surfaces. The cases with 300 N are studied to model unusual loadings such as bruxism or the loss of contact sensitivity. In this study, axial loads only are considered, to avoid an additional parameter influencing the highlighted material effect.
Simulations have been performed on a Dell PowerEdgeR410 (2x Intel_Xeon_quadcore 2.93 GHz, 24 GBRAM). The average calculation time was about four hours for each model.
Results and discussion
This section deals with the stress fields in the implants and in the bones under the applied loads in the studied configurations. The stress fields on the peri-implant cortical bone are evaluated for a static loading. As explained earlier, we focused on two different results. The first is the stress distribution in bones around the implant/mandible interface, and the second is the stress jump between the implants and the cortical bones. Results are presented in two configurations: the S-MODEL with an axial load of 160 N, and the T-MODEL with axial loads of 160 and 300 N.
Results are represented along the cortical bone/implant interface. In the S-MODEL, 14 elements are in contact, 7 on each side. In the T-MODEL, 32 elements are in contact, 16 on each side. Fig. 6 illustrates the numbering of the represented contact elements. Fig. 7 represents the Von Mises stress field in the cortical bone for Young's modulus of the four implants. Results are given in a 2D plane, and it can be considered that there is an axisymmetry in the stress values. The area at the top of the implant, denoted 1, is thought to be the one from which infections appear. It can be seen that in the R C, the stress field in this area is between 7 and 13 MPa. This value is well below that found in the cases of steel and TA6V, the materials mainly used for dental implants, with stress fields ranging between 20 and 27 MPa. It can be seen that in the TiNb case, the maximal stress in the TOP area is reduced by 2 compared with the TA6V case, and the difference from the R C is around 5 MPa.
S-MODEL with axial load of 160 N
In order to present the results with the same representative isocolours, the maximal stress is considered to be 80 MPa. Above this value, the stress is presented in grey. At the bottom of the cortical bone, the BOTTOM area, it can be seen that the grey area is present in each case.
However, the maximal stress values obtained in steel, TA6V, TiNb and R C are 140, 139, 127 and 122 MPa, respectively. Thus, the implant with low modulus again creates stresses closer to the R C . Fig. 8 represents the Von Mises stress difference, inside the cortical bone along the bone/implant interface, between the cases with steel, TA6V and TiNb implants, and the R C . It illustrates the gap of the stress inside the cortical bone due to the implant during loading. It can be seen that for the seven pairs of elements, the stress inside the cortical bone with TiNb implant is closer to the physiological stress than the stress obtained with the TA6V implant. In the TOP area, in which the loss of mechanical stability with the TA6V implants begins, the difference in stress is decreased by 65 %. In the inferior part of the implant in contact with the cortical bone, where the stress magnitude is the greatest, the stress difference between the R C , TA6V, and TiNb cases is about 50 %. These results emphasize the interest of low Young's modulus implant. An interesting result is that the evolution of the difference in stress is not linear with Young's modulus of the implant. For example, for pair 1, the stress difference between the R C and the steel implant is about 10 MPa, that between the R C and the TA6V implant is 8.4 MPa, and that between the R C and the TiNb implant is 2.9 MPa. In pairs 2 and 3, the influence of the implant alloy is limited. Indeed, in Figure 7 it can be seen that the influence is in the top and bottom areas of the contact region. In pairs 2 and 3, the difference between alloys is less than 0.2 MPa. The stress difference is greater for TA6V implants (1.2 and -1.4 respectively) than for steel implants (0.8 and 1.1) and for TiNb implants (0.95 and -1 MPa). The stress distribution inside the cortical bone is strongly related to the stress inside the implant. In the case of steel, the high implant rigidity induces considerable stress at the top of the implant, and substantial stress transfer between the implant and the cortical bone in the upper part of the interface. In comparison, for TiNb, the stress has better propagation inside the implant, and the stress transfer at pair 3 is equivalent to the steel and the TA6V cases. Pair 3 is the only one for which the stress induced by the implant is lower than physiological stress. Between pairs 1 and 3, there are some points where the difference between physiological stress and that induced by the implant is equal to zero. These points are not collocated. This result can be seen in Fig. 9 , which represents the Von Mises stress field in both the implant and the cortical bone under a load of 160 N. Fig. 10 shows the Von Mises stress jump between the cortical bones and the implant, and highlights the differences between the steel, TA6V and TiNb cases, and the R C . It illustrates the gap in stress jump, due to the implant, between the cortical bone and the implant. In the upper part, the stress jump difference in the R C between the TA6V and TiNb cases is considerable. A 62 % decrease is observed for the TiNb implant compared with the classical TA6V implant. This difference is about 43 % in the BOTTOM area where the stress is greater.
Nevertheless, it can be seen that the stress jump difference with the R C is 25 % greater with the TiNb implant than with the TA6V implant for pair 6. This is the only pair for which the TA6V implant is closer to the R C , but this area is not known as the one which induces mechanical stability problems. Generally, it can be seen that the stress jump is greater when Young's modulus of an implant is high, and that this evolution is not linear. For example, in the upper area, the stress jump difference is about 15 % between the steel and the TA6V cases, whereas Young's modulus difference is 50 %, and the stress jump difference is about 70 % between the steel and the TiNb cases, whereas Young's modulus difference is 30 %.
T-MODEL with axial loads of 160 and 300 N
In this section, two T-MODEL cases are studied with applied loads of 160 and 300 N. The influence of the implant shape will be discussed in the next section. Fig. 11 represents the stress field in both the implants and the cortical bones. On the left (A, B, C and D), the results are obtained with a load of 160 N, whereas those on the right (E, F, G and H) are obtained with 300 N. It can be seen that, with a threaded implant shape, the TiNb implant induces a stress distribution inside the cortical bone close to the R C . The difference is greater with the TA6V implant, and it can be seen that in specific areas the differences reach up to 6 MPa. Fig.   12 represents the stress gap between the implanted cases and the physiological one for the three considered alloys. For a load of 160 N, the stress distribution in the cortical bone with a TiNb implant is almost always significantly closer to the R C compared with the TA6V implant. Indeed, at the top of the implant, the stress induced by the load on the TiNb implant is almost the same for pairs 1, 2, 3 and 4, whereas a stress diminution is found for more rigid implants. According to Wolff's law, a stress lower than that physiologically required could induce bone resorption and implant failure. However, in this situation, the amplitude of stress diminution is low. For pairs at the middle and the bottom of the implant/cortical bone contact, the predicted stress for the TiNb implant never exceeds 3 MPa for the predicted physiological stress, whereas it exceeds 7 MPa for the steel implant for pairs 11 to 15, and is greater than 6 MPa in the TA6V implants for pairs 12 to 15. It can be seen that the TiNb implant gives better results in the critical areas where problems are encountered (TOP and BOTTOM areas). The situation is the same when the load is 300N. For the TiNb implant, the stress distribution induced by the material characteristics in the cortical bones is closer to the R C compared with those of the more rigid implants. However, it can be seen that the benefits of a low modulus are smaller. This is explained by the stress distribution inside the implant. As can be seen in Fig. 13 , the stress field and therefore the strain energy in the bottom part of the implant surrounded by the cancellous bone is much greater when the applied load is 300 N. For 160 N, the strain energy is mainly dissipated into the cortical bone (33 MPa) via the implant/bone interface and the stress field in the BOTTOM part of the implant does not exceed 10 MPa. For 300 N, the maximal stress increase in the cortical bone is less than 10 %, whereas the maximal stress increase in the bottom part of the implant is about 65 %. The stress inside the cortical bone is closer to the R C at 300 N, regardless of the implant material. alloys. The trend is the same for the 300 N load at the bottom part of the implant/cortical bone contact area. The benefit is less significant for the top area: in pairs 1 and 2. The three kinds of implants induce the same stress jump, and the gap with the R C is not really affected.
However, pairs 3 to 6 are significantly close to the R C for the TiNb implant.
Shape effect
It can be seen that the implant shape plays an important role in the maximal stress in the cortical bone. Fig. 15 shows the evolution of stress in the cortical bone neighbouring the contact surface for the two TiNb implants loaded at 160 N. It can be seen that, with a threaded shape, the stress is better distributed. In the S-MODEL, the stress in the cortical bone exhibits a steady increase up to 62 MPa. In the T-MODEL, four stages of stress are clearly identified.
This result is highlighted for steel, TA6V and TiNb implants. In the TOP area, close to the surface where pressure is applied, the stress field is not affected by the implant shape. In the BOTTOM area, the stress field is 50 % higher in the S-MODEL than in the T-MODEL.
Conclusion
a) The stress distribution is much closer to the reference situation with a TiNb implant than with TA6V and steel implants. This result is obtained whatever the shape of the implant and the applied load. The stress gap is significantly reduced, which induces a decrease in the stress shielding.
b) The stress jump at the interface between the cortical bone and implant decreased significantly with the use of a low Young's modulus implant, for each studied configuration.
This reduces the micro-motions in the cortical bone-implant interface.
c) The influence of the low modulus on stress distribution is not proportional to the applied load.
d) The stress distribution is also related to the shape of the implant, as the shape amplifies or reduces the benefit of the low modulus implant. The threads allow stress in the bone to be staged and they thus limit the maximum stress in the lower part of the cortical bone-implant 15 interface. The reduction of the stress shielding requires both an adapted shape and a low modulus material. Beyond biocompatibility, we have demonstrated that TiNb material can achieve mechanical compatibility.
1 Contact element pairs along cortical bone / implant interface
